DNA damage response (DDR) acts as a tumorigenesis barrier, and any defects in the DDR machinery may lead to cancer. SOX4 expression is elevated in many types of tumors; however, its role in DDR is still largely unknown. Here, we show that SOX4, a new DNA damage sensor, is required for the activation of p53 tumor suppressor in response to DNA damage. Notably, SOX4 interacts with and stabilizes p53 protein by blocking Mdm2-mediated p53 ubiquitination and degradation. Furthermore, SOX4 enhances p53 acetylation by interacting with p300/CBP and facilitating p300/CBP/p53 complex formation. In concert with these results, SOX4 promotes cell cycle arrest and apoptosis, and it inhibits tumorigenesis in a p53-dependent manner. Therefore, these findings highlight SOX4 as a potential key factor in regulating DDR-associated cancer.
D
NA damage response (DDR), a highly conserved response to genotoxic stresses, is the guardian of genomic integrity (1, 2) . It has been shown that DDR serves as a barrier to constrain tumor progression in its early stages by inducing cell cycle arrest, DNA repair, or apoptosis (3) . A number of components are involved in cellular DDR machinery, in which ATM-Chk2-p53 and ATRChk1-p53 cascade are the key signaling pathways involved (2) . A central component of DDR, p53, is one of the most important tumor suppressor proteins (4) (5) (6) (7) (8) . The major consequence of p53 activation upon DNA damage is the induction of specific target genes, such as p21 WAF , Bax, and Puma, to initiate cell cycle arrest, apoptosis, and DNA repair (4) . Cells lacking functional p53 exhibit a partial deficiency in DNA damage repair, resulting in uncontrolled cell proliferation and malignancy. Indeed, p53 gene is either lost or mutated in more than half of all human cancers (9) . Around p53 there is a highly regulated network consisting of numerous proteins that interact with p53 and regulate its activity by protein stabilization, posttranscriptional modifications, protein-protein interaction, and protein subcellular localization (10) , among which stabilization of p53 is presumed to play a major role in its activation. Under normal conditions, amount and activity of p53 are maintained at low levels by Mdm2, a ubiquitin E3 ligase, which binds to the N terminus of p53 and targets its C-terminal lysine residues for ubiquitination and degradation (11, 12) . However, in response to DNA damage, p53 protein is rapidly stabilized and activated mostly through multiple posttranslational modifications, such as phosphorylation and acetylation of specific residues in the N-terminal and C-terminal domains. DNA damage-induced p53 phosphorylation, which is mediated by ATM kinase (13, 14) , contributes to p53 stability (15) . Acetylation of p53 C-terminal lysine residues in p53 stabilizes the protein by preventing Mdm2-mediated ubiquitination of the same residues (16, 17) . In addition, the activity of p53 is also modulated by its recruitment of transcriptional coactivators or corepressors.
SOX4 is a member of the SOX (SRY-related HMG-box) transcription factor family, which is characterized as a highly conserved HMG-box, DNA-binding domain (18) . It has been shown that SOX4 plays important roles in many developmental processes, such as embryonic cardiac development, thymocyte development, and nervous system development (19) (20) (21) . In addition, SOX4 also is involved in many cellular processes. For example, SOX4 expression is induced by progestin, leading to increased SOX-mediated transcriptional activity in breast cancer cells (22) , and enhances ␤-catenin/TCF activity (23) . Recently, increasing evidence has shown that SOX4 is highly up-regulated in a number of tumors, including breast cancer (22) , lung cancer (24) , colon cancer (25) , meduloblastoma (26) , salivary gland cancer (27) , and hepatocellular carcinoma (28) . Furthermore, higher SOX4 expression correlates with better survival in bladder tumor patients (29) , and it promotes prostaglandina-induced apoptosis in hepatocellular carcinoma (30) , suggesting that SOX4 has a potential tumorsuppressive function. However, the precise mechanism by which SOX4 is involved in tumorigenesis remains largely unknown.
Here, we find that SOX4 is induced in response to DNA damage. Notably, the induction of SOX4 upon DNA damage contributes to p53-related functions, such as cell cycle arrest, apoptosis, and tumorigenesis. We further show that SOX4 physically interacts with p53 and enhances its transcriptional activity by stabilizing p53 protein via enhancing p53 acetylation and thus inhibiting Mdm2-mediated p53 ubiquitination. Therefore, SOX4 is a novel mediator for p53 activation in response to DNA damage.
Results

SOX4 Is Required for the Activation of p53 in Response to DNA
Damage. To investigate the involvement of SOX4 in genotoxic stresses, we treated human lung non-small cell carcinoma H460 cells (harboring wild-type p53) with different agents. Induction of SOX4 was observed upon treatments by DNA damage agents doxorubicin (DOX), UV irradiation, and ionizing radiation (IR), but not hypoxia, H 2 O 2 , and heat shock (Fig. 1A) . Then, the kinetics of SOX4 were examined following the treatment of 4 different DNA damage agents. Interestingly, DNA damage-induced increase of SOX4 protein parallelled with the induction of p53 protein (Fig.  1B) . The induction of SOX4 upon DNA damage occurred on a posttranscriptional level, because SOX4 protein levels but not mRNA levels were increased following DOX treatment [supporting information (SI) Fig. S1 ]. To test whether SOX4 induction relies on p53 activation, we examined SOX4 levels upon DOX treatment in colon cancer HCT116 p53 ϩ/ϩ and HCT116 p53 Ϫ/Ϫ cells. As shown in Fig. 1C , a similar increase in SOX4 protein was observed in both cells. SOX4 induction after DNA damage was inhibited by caffeine ( Fig. 1D) , a specific inhibitor of ATM/ATR, which are the key kinases involved in DDRs. These results indicate that SOX4 induction upon DNA damage is p53-independent and ATM/ATRdependent.
To test whether SOX4 contributes to the induction of p53 in response to DNA damage, we knocked down SOX4 in HCT116 cells (wild-type p53) by shRNA, and we treated the cells with DOX. DOX-induced increases of p53 and its target p21 proteins were dramatically decreased in the SOX4 shRNA cells compared with control cells (Fig. 1E) . To avoid off-target effects or cloning effects of shRNA, we performed the same experiments by using an additional clone of SOX4 shRNA-stable cell line or specific SOX4 siRNA, and similar results were obtained ( Fig. S2 A and B) . Similar results also were obtained when these cells were treated with other DNA damage agents (Fig. S2C) . Consistently, SOX4 knockdown in HCT116 cells led to the decrease of p21 and Bax promoter activity following DOX treatment (Fig. S2D) . The effect of SOX4 knockdown on p53 activity was further confirmed by chromatin immunoprecipitation assay (Fig. 1F) . Taken together, these data demonstrated that SOX4 is required for p53 activation in response to DNA damage.
SOX4
Regulates p53 Protein Stability and Activity. To extend the above observations, we tested whether the forced expression of SOX4 leads to the accumulation of p53 protein. As shown in Fig.  2A , the protein amount of p53 was dramatically elevated when SOX4 was cotransfected in HCT116 p53 Ϫ/Ϫ cells. SOX4 knockdown resulted in a decrease in p53 protein level, whereas the mRNA level of p53 was not affected (Fig. 2B and Fig. S3) . Therefore, the regulation of p53 by SOX4 is unlikely at the transcriptional level. Instead, SOX4 regulates p53 posttranslationally, because the half-life of p53 protein was notably shortened when the SOX4 expression was knocked down (Fig. 2C) . Overexpression of SOX4 did not further potentiate the accumulation of p53 protein in the presence of specific proteasome inhibitor MG132 (Fig. S4) , suggesting that SOX4 is involved in the regulation of p53 stability. Consistent with the above observation, SOX4 expression increased p53-mediated transcription measured with a p53 response reporter, but it had no effect on the transcriptional activity of the p53mt135 protein in H1299 cells (Fig. 2D) . Similar results were obtained with natural p53-responsive luciferase reporters (Fig.  S5A ). SOX4 overexpression also strongly increased endogenous p53 activity from the PG13-Luc vector, but it had no effect on the expression from MG15-Luc, which cannot be regulated by p53 (Fig.  2E ). In contrast, SOX4 knockdown led to reduced PG13-Luc activity in HCT116 p53 ϩ/ϩ cells (Fig. S5B ). Unlike SOX4, SOX2, a member of SOX family, failed to increase the activity of p53 (Fig.  S5C ). Taken together, these results indicate that SOX4 regulates p53 protein stability and increases its transcriptional activity.
SOX4 Interacts with p53. We next investigated the potential mechanism by which SOX4 activates p53. Immunofluorescence staining and confocal laser scanning microscopy showed that endogenous p53 and SOX4 proteins colocalize in the nucleus of H460 cells (Fig.  S6A) . This raised the possibility that SOX4 and p53 interact directly or are in the same complex. To explore these possibilities, we performed GST pull-down assay with recombinant GST-fusion proteins. Specific interactions of GST-p53 with transfected Myctagged SOX4 were observed (Fig. 3A) , indicating that SOX4 physically interacts with p53. This interaction was further confirmed by coimmunoprecipitation experiments with either anti-Myc or anti-HA antibody when Myc-SOX4 and HA-p53 were coexpressed in 293 cells (Fig. S6B) . Importantly, we verified the association of SOX4 and p53 endogenously expressed in HCT116 p53 ϩ/ϩ cells by immunoprecipitation with anti-SOX4 antibody (Fig. 3B) . Notably, when SOX4 and p53 are induced in H460 cells by DOX treatment, the interaction between SOX4 and p53 was detected more robustly (Fig. 3C) . Thus, SOX4 interacts with p53 in vitro and in vivo, and the interaction is augmented in response to DNA damage.
The Interaction Between SOX4 and p53 Is Essential for the Regulatory
Effect of SOX4 on p53 Stability. Next, we tested whether the interaction between SOX4 and p53 is essential for the SOX4 regulatory effect on p53 stability. GST pull-down assay revealed that DNAbinding domain (DBD; 102-292 amino acids) and regulatory domain (RD; 359-393 amino acids) of p53 were responsible for its interaction with SOX4 (Fig. S6C) . To identify which portion of SOX4 protein is required for its interaction with p53, we constructed 8 different SOX4 mutant expression vectors. Among these 8 mutants of SOX4, only 2 of them, the mutant 130-380 and ⌬HMG&⌬AD (⌬H&⌬A), could not immunoprecipitate p53 protein (Fig. 3D) . Interestingly, neither of these 2 mutants has the HMG box or the C-terminal transactivation domain (AD) of SOX4 protein, and other mutants having 1 of the 2 domains are still capable of interacting with p53 (see schematic representation in Fig.  S6D ). The same conclusions were obtained with GST pull-down experiments (Fig. S6D) .
To further define the interaction between SOX4 and p53, we examined the binding preference of each of these domains by performing GST pull-down assays with GST-p53 fusion proteins. As shown in Fig. S6E , the SOX4⌬AD mutant lost its ability to interact with the DBD of p53, but it still bound to the RD of p53. In contrast, the SOX4⌬HMG mutant interacted with the DBD of p53, but it failed to bind to the RD of p53. These data indicate that the SOX4 AD domain is required for the interaction of SOX4 with the DBD of p53, and SOX4 HMG-box domain is necessary for its interaction with the RD of p53.
To test whether the interaction between SOX4 and p53 is essential for the SOX4 regulatory effect on p53, we transfected the full-length SOX4 and the SOX4⌬H&⌬A mutant and found that full-length SOX4 but not the truncation, which fails to bind p53, could prolong the half-life of p53 and increase p53 level and transcriptional activity (Fig. S7) , indicating the interaction between SOX4 and p53 is essential for SOX4 to stabilize p53.
SOX4 Blocks Mdm2-Mediated p53 Ubiquitination. Because p53 is degraded through the ubiquitin-proteasome pathway, we investigated whether SOX4 regulates the ubiquitination of p53. SOX4 overexpression and DOX treatment resulted in a decrease of p53 ubiquitination (Fig. S8) . Consistently, when SOX4 expression was knocked down, the amount of ubiquitinated p53 was dramatically increased, and SOX4 knockdown also effectively eliminated the inhibitory effect of DOX on p53 ubiquitination (Fig. 4A) , indicating that SOX4 inhibits p53 ubiquitination. As it is well-known that the ubiquitin ligase Mdm2 is the major player in regulating the ubiquitination and degradation of p53 (31, 32), we then investigated whether SOX4 stabilizes p53 through blocking Mdm2-mediated p53 degradation. As expected, p53 protein level was reduced when Mdm2 was cotransfected in HCT116 p53
Ϫ/Ϫ cells. However, overexpression of full-length SOX4 but not SOX4⌬H&⌬A mutant significantly eliminated the destabilization effect of Mdm2 on p53 protein (Fig. 4B and Fig. S9A ), implying that the interaction between SOX4 and p53 is critical for the antagonistic effect of SOX4 on Mdm2-mediated p53 degradation. Consistently, the Mdm2-mediated increase of p53 ubiquitination was inhibited by overexpression of SOX4 but not the SOX4⌬H&⌬A mutant (Fig.  4C) . Therefore, these data demonstrated that SOX4 blocks Mdm2-mediated p53 ubiquitination and degradation.
The interaction between p53 and Mdm2 is pivotal for Mdm2 to control p53 stability. We then investigated whether SOX4 stabilizes p53 by disrupting the p53-Mdm2 interaction. Indeed, when SOX4 was overexpressed, the coprecipitation of p53 with Mdm2 was dramatically decreased (Fig. 4D) , suggesting that SOX4 disrupts the interaction between p53 and Mdm2. However, we failed to detect an interaction between SOX4 and Mdm2 (Fig. S10) . Therefore, SOX4 interferes with the binding of Mdm2 to p53 through its interaction with p53.
Because the nuclear exportation of p53 is dependent on its Mdm2-mediated ubiquitination (33), we then tested by immunofluorescence microscopy whether SOX4 blocks the Mdm2-mediated p53 nuclear export. As previously reported, p53 protein was entirely located in the nucleus when expressed alone, but it translocated into the cytoplasm when coexpressed with Mdm2 (34). As expected, p53 redistributed to the nucleus when SOX4 was coexpressed with Mdm2 and p53; however, the SOX4⌬H&⌬A mutant failed to do so (Fig. S9B) . Therefore, SOX4 inhibits Mdm2-mediated p53 nuclear export. 
SOX4 Enhances p53 Acetylation.
To gain insight into the mechanism by which SOX4 blocks p53-Mdm2 interaction, we studied the effect of SOX4 on p53 posttranscriptional modifications. It is believed that the acetylation of p53, which is mainly mediated by acetyltransferase p300 and CBP, plays a vital role in p53 stabilization; particularly, that the acetylation of p53 destabilizes the interaction between Mdm2 and p53 (17) . We then tested whether SOX4 achieved its regulatory effect on p53 stability by enhancing the acetylation of p53. We first found that p300/CBP-mediated acetylation of p53 at Lys-373 and Lys-382 was increased in the presence of SOX4 (Fig. 5A) . Further, we found that expression of SOX4 increased the interaction of p53 with p300 or CBP, indicating that SOX4 may strengthen the formation of the p53-p300 or p53-CBP complexes (Fig. 5B) . Interestingly, SOX4 was found to interact with either p300 or CBP (Fig. 5C ). In addition, SOX4 silencing led to reduced levels of p53 acetylation following IR, DOX, or UV treatment (Fig. 5D ). These data suggest that SOX4 may act as a cofactor of p53 by recruiting acetyltransferases and mediating its acetylation. Therefore, SOX4 stabilizes p53, at least partially, by enhancing p53 acetylation.
SOX4
Regulates Cell Cycle Arrest, Apoptosis, and Tumor Growth in a p53-Dependent Manner. We next examined whether the effect of SOX4 on p53 activation has any consequence for p53-dependent biological functions. Overexpression of SOX4 in HCT116 p53 ϩ/ϩ cells resulted in an increased proportion of cells in G 1 phase (Fig.  6A Left) , whereas no change in cell cycle was observed when SOX4 was overexpressed in p53 Ϫ/Ϫ cells (Fig. 6A Right) , suggesting that SOX4 promotes p53-mediated cell cycle arrest in G 1 phase. p53 plays important roles in apoptosis, and many proteins regulate apoptosis via p53 (35, 36) , so the effect of SOX4 on apoptosis was examined. Knockdown of SOX4 led to a decrease of DOX-induced apoptosis in HCT116 p53 ϩ/ϩ but not p53 Ϫ/Ϫ cells (Fig. 6B ), indicating that SOX4 promotes p53-mediated apoptosis.
The tumor suppressor p53 plays significant roles in the regulation of tumor progression (5, 37) . To explore the effect of SOX4 on the tumor-suppressive function of p53, we performed colony-formation assays in HCT116 p53 ϩ/ϩ and HCT116 p53 Ϫ/Ϫ cells transfected with expression vectors of SOX4 or SOX4⌬H&⌬A mutant. Overexpression of SOX4 in HCT116 p53 ϩ/ϩ cells inhibited cell proliferation and resulted in sparse colonies, whereas overexpression of the SOX4⌬H&⌬A mutant had no effect on the formation of colonies compared with the control cells (Fig. 6C Left) . Conversely, knockdown of SOX4 protein in HCT116 p53 ϩ/ϩ cells resulted in an increase in colony formation, whereas SOX4 silencing in HCT116 p53 Ϫ/Ϫ cells had no effect on colony formation (Fig. 6C Right) . Similarly, soft agar assays showed that expression of SOX4 decreased the colony numbers in HCT116 p53 ϩ/ϩ but not p53 Ϫ/Ϫ cells on soft agar (Fig. S11) . Next, a tumorigenicity assay was performed with immunodeficient strains of mice. As shown in Fig. 6D , SOX4 expression in HCT116 p53 ϩ/ϩ but not p53 Ϫ/Ϫ cells significantly suppressed tumor progression in nude mice. Taken together, these findings demonstrate that SOX4 promotes cell cycle arrest and apoptosis and inhibits tumor growth in a p53-dependent manner.
Discussion
We have identified SOX4 as a new DNA damage-induced protein that is crucial for p53 activation in response to genotoxic stress. Under normal conditions, p53 is tightly controlled by Mdm2, which acts as an E3 ligase to target p53 for ubiquitination and degradation (11, 12) . In response to DNA damage, p53 is rapidly accumulated, in part through the activation of ATM/ATR kinases, which directly or indirectly trigger the posttranslational modification cascade of p53, such as phosphorylation and acetylation (10) . The stabilization of p53 upon DNA damage is largely dependent on these modifications. Several proteins have been identified to regulate p53 activity by affecting its stabilization, whereas each has a somewhat different detailed mechanism of action (31) . In this study, we report that the increased p53 stabilization is achieved via abrogated p53-Mdm2 interaction by SOX4. This disruption is unlikely due to their competitive binding to p53, because SOX4 and Mdm2 bind separate regions of p53. It seems that SOX4 does not act as a cofactor of Mdm2, like p14 ARF (38) , Rb (39) , and YY1 (40); nor does SOX4 bind to Mdm2. Instead, we observed that SOX4 interacts with p300/CBP transacetylases and facilitates the formation of stable p53/p300 or p53/CBP complexes and consequently promotes p53 acetylation in residues Lys-373 and Lys-382. It is believed that the acetylation of p53 leads to less ubiquitination, because the 2 modifications compete for the same lysine residues and increased p53 activity by enhancing the DNA-binding ability of p53 (41) . Moreover, it is recently reported that acetylation of p53 destabilizes the p53-Mdm2 complex formation (17) . Thus, the augmentation of acetylation by SOX4 may be accountable for SOX4-mediated p53 stabilization and activation.
We demonstrate that SOX4 is induced in response to DNA damage in a p53-independent manner. The significance of the SOX4 induction in this event lies in the fact that loss of SOX4 impairs p53 activation and consequent tumor-suppressive functions, such as cell cycle arrest and apoptosis. Based on the observation that SOX4 interacts with p53 in physiological conditions, it is possible that SOX4 is required for maintaining a basal level of p53 expression. However, when DNA damage occurs, SOX4 protein is rapidly induced to form a more stable complex with p53 to promote its stabilization. It is noteworthy that the induction of SOX4 upon DNA damage is dependent on ATM kinase, which is a key kinase involved in DDR. The ATM/ATR-regulated DDR machinery serves as an anticancer barrier in early tumorigenesis by inducing cell cycle arrest or cell death (2) . It is believed that DDR is constitutively activated in many human cancer cell lines (1) . Thus, the aberrant overexpression of SOX4 in many tumors, presumably induced by the constitutively activated DDR, may provide a stress signal in triggering p53 activation, which provides a safeguard against oncogenic proliferation. Mutations in DDR components are strongly associated with cancers (42) . Indeed, SOX4 gene mutations have been reported in human lung cancers (43), and we found that these mutations of SOX4 in human lung cancer abolished the normal function of SOX4 in regulating p53 activity and, more importantly, some of these SOX4 mutants may even function as dominant-negative mutants by blocking p53 activity instead. These findings thus raise the possibility that SOX4 acts as a component of DDR in sustaining genomic integrity by enhancing p53 function.
The significance of tumor-suppressive function of SOX4 in tumorigenesis has been emphasized by clinical research revealing that higher SOX4 expression correlates with better survival in bladder tumor and medulloblastoma patients (29, 44) . Nevertheless, SOX4 was also reported to be an oncogene for human prostate cancer cells (45) , and SOX4 knockdown promotes apoptosis in adenoid cystic carcinoma cells (46) . Thus, whether SOX4 is a tumor suppressor or an oncogene is presumably context-dependent, which is worth further investigation.
In conclusion, we established SOX4 as an important p53 regulator that is up-regulated by DNA damage and exerts its inhibitory role on cell cycle progression and tumorigenesis through p53. Furthermore, SOX4 interacts with p53 to enhance its transcriptional activity by inhibiting Mdm2-mediated p53 ubiquitination and degradation. Taken together, our findings shed light on the molecular mechanistic insight into the role of SOX4 in tumorigenesis, and drugs targeting SOX4 may be a potential anticancer therapeutic approach for future studies.
Materials and Methods
Plasmid Constructions. Myc-SOX4 full-length and truncated mutant expression plasmids were constructed as described previously (47) . HA-p53 and HA-Mdm2 plasmids were generated by PCR amplification and cloned into pXJ40-HA vector. pBabe-SOX4 and pBabe-SOX4⌬HMG&⌬AD plasmids were generated by PCR and cloned into pBabe-retro-puro vectors. GST-p53 mutant constructs were kindly provided by R. Schuele (Frauenklinik der Albert-Ludwigs-University, Freiburg, Germany). PG13-Luc and MG13-Luc were kindly provided by B. Vogelstein (Johns Hopkins University, Baltimore). p21-Luc and Bax-Luc reporters were from A. Fusco (Università degli Studi di Napoli, Naples, Italy). SOX2 expression plasmid was from C. Basilico (New York University School of Medicine, New York). HA-p300 and HA-CBP plasmids were provided by D. Spengler (Max Planck Institute of Psychiatry, Germany). pBabe-retro-puro retrovirus vector was provided by Y.-S. Cong (Beijing Normal University, Beijing, China). pCMV-p53, pCMV-p53mt135, and pp53-TA-Luc reporters were purchased from Clontech. 
